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Abstract

Adenovirus (Ad)-based vectors are attractive candidates for a variety of gene-transfer applications. In this study,
we found that decay-accelerating factor (DAF)-displaying Ads induce significantly decreased cellular immune
responses to transgenes expressed from the vectors in both Ad5-naive and Ad5-immune mice. Specifically, we
found a diminished ability of splenocytes to secrete interferon-y after recall exposure to multiple peptides
derived from antigens expressed by DAF-displaying Ads. We also confirmed that DAF-displaying Ads induce
decreased numbers of antigen-specific, CD8" effector memory and central memory CD8" T cells, thereby
uncovering a unique role of complement in modulating the induction of robust memory T-cell responses. We
also confirmed that DAF-displaying Ads generate significantly reduced titers of Ad capsid-specific neutralizing
antibodies after gene transfer in vivo. In conclusion, DAF-displaying Ad5-based vectors exhibit decreased in-
duction of complement-dependent, innate immune responses, resulting in both an improved safety profile and a
decreased propensity to induce humoral and cellular adaptive immune responses to Ad capsid proteins and Ad
vector-expressed transgene products. This attractive combination of features will be beneficial in a variety of

clinically relevant gene-transfer applications.

Introduction

GENE TRANSFER-BASED THERAPEUTICS targeted for use in
genetic diseases can only be successful if efficient gene
transfer can be coupled with adequately sustained transgene
expression. These objectives must be achieved without plac-
ing undo risk on the patient receiving the putative gene
therapy, including risks such as those that can be associated
with innate and adaptive immune responses induced by the
specific vector itself, as well by the transgene expressed by
the vector.

Currently, about 24% of all gene transfer-based clinical
trials utilize adenovirus (Ad) vectors to deliver a variety
of transgenes (www.wiley.com/legacy/wileychi/genmed/
clinical/), confirming the significance of this platform for
widespread human usage (Seregin and Amalfitano, 2009).
However, at high doses, viral particles, including Ads, can
trigger innate immune responses that result in global toxi-
cities, such as thrombocytopenia (Wolins et al., 2003;
Appledorn et al., 2008b), endothelial cell activation (Schied-

ner et al.,, 2000; Seregin et al., 2009b), release of systemic
cytokines/chemokines (Kiang et al., 2006; Appledorn et al.,
2008a), liver damage (Everett ef al., 2003; Seregin et al.,
2009b), as well as activation of pro-inflammatory gene ex-
pression in liver and/or splenic tissues (Hartman et al., 2007;
Seregin ef al., 2009b). More specifically, Ad vector interac-
tions with the complement system have been proven to
mediate many of these toxic responses, as loss of comple-
ment functionality in complement knockout animals results
in ablation of these toxicities despite systemic administration
of high levels of Ad vectors (Appledorn et al., 2008b; Seregin
et al., 2009a; Tian et al., 2009). To address these safety limi-
tations in a living animal with a normally functioning com-
plement system, we have developed novel Ad vectors with
capsid-displaying genetically engineered forms of known
complement inhibitors (Seregin et al., 2010a,b). In one ex-
ample, the Ad vector tolerated capsid display of the human
decay-accelerating factor (DAF), a natural complement in-
hibitor. Introduction and in-frame genetic fusion of the
complement inhibitory portions of the DAF protein onto the
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C-terminus of the Ad capsid cement protein pIX have been
previously confirmed by our group to be viable (Seregin et al.,
2010a). These DAF-displaying Ad vectors were not only
confirmed to retain the native Ad vectors” ability to transduce
genes both in vitro and in vivo, but the unique Ad vectors
were also confirmed to be significantly safer; this was vali-
dated primarily by the vectors having a minimized induction
of typical Ad capsid-triggered innate immune responses,
coupled with a reduced activation of immune effector cell
types early after administration (Seregin et al., 2010a).

In this study, we wished to determine the consequences of
these improvements on the ability of DAF-displaying Ads to
allow for long-term transgene expression. Specifically, we set
out to determine if transgene- or Ad vector-specific adap-
tive immune responses were altered by the use of DAF-
displaying Ad vectors, given the vectors’ ability to mollify
aspects of the antiviral innate immune response. Therefore,
we have evaluated and compared both the cellular and
humoral adaptive immune responses triggered by intrave-
nously (IV) or intramuscularly (IM) administered conventional
and DAF-displaying Ad5 vectors expressing immunogenic
transgenes in vivo. We have now found that Ad capsid display
of complement inhibitors, such as DAF, facilitates a reduced
induction of transgene- as well as capsid- specific adaptive
immune responses, after both systemic and localized (IM)
administrations.

Materials and Methods

Ad vector construction, production,
and characterization

Retro-DAF-displaying and control vectors were con-
structed as detailed (Seregin et al., 2010a). In brief, the fol-
lowing Ads were used: Ad5-Gag-IX-dDAF (Seregin et al.,
2010a), Ad5-GFP-IX-dDAF (Seregin et al., 2010a), Ad5-GFP
(Hodges et al., 2001; Ng and Graham, 2002), Ad5-Gag, and
Ad5-Null. All Ads used in this study are human Ad type 5-
derived replication-deficient vectors (deleted for the E1 and
E3 genes). To construct Ad5-Gag, the HXB2 Gag gene
(GenBank accession no. K03455, kindly supplied by
Dr. Frank Jones, Etubics Corp., originally obtained from NIH
Vaccine Research Center) was blunt-end subcloned from
pVRC3900 into the EcoRV site of pShuttle-CMYV. Restriction
digests and sequencing were used to confirm the sequence
integrity and correct orientation of the resulting shuttle
(pShuttle-CMV-Gag). To construct Ad5-Gag-IX-dDAF_REO,
the CMV-Gag-polyA expression cassette was subcloned into
the multiple cloning site of the pShuttle-IX-DAF_REO as
described for the green fluorescent protein (GFP) cassette
(Hodges et al., 2001; Ng and Graham, 2002). Recombination
and viral propagation were completed as described (Ng and
Graham, 2002; Seregin ef al., 2009a, 2010a). Ad5-Null vector
was constructed by recombining pShuttle (with no trans-
gene) with pAdEasyl and purified as described (Ng and
Graham, 2002). Propagation and characterization of all Ads
were performed as previously described (Seregin et al.,
2010a). All viruses were found to be replication competent
adenovirus (RCA)-free by both RCA PCR (E1 region ampli-
fication) and direct sequencing methods as previously de-
scribed (Seregin et al., 2009b). All Ads have also been tested
for the presence of bacterial endotoxin as previously de-
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scribed (Seregin et al., 2009b) and were found to contain
<0.15 EU/ml

Animal procedures

Adult C57BL/6 wild-type (WT) and BALB/c WT mice
were purchased from the Jackson Laboratory (Bar Harbor,
ME). Ad5 vectors were injected IV (via the retro-orbital sinus,
total volume 200 ul, diluted in PBS) or IM (into the tibialis
anterior of the right hindlimb, total volume 25 yul) into 8-
week-old male mice after being properly anesthetized with
isofluorane. A total of 2x10" viral particles (vp) (high dose
equals 8x10'2 vp/kg) or 0.75x10" vp (medium dose equals
3x10'* vp/kg) per mouse was used for IV injections, and
1x10%° vp/mouse (or 10® vl/mouse) was administered IM.
The dose of HIV-Gag—expressing vectors for IM injections in
Ad5-naive mice was selected based on our previous study
(Appledorn et al., 2010). For Ad5-immune mice, IM injections
were placed 2 weeks apart. For IV studies, n=3-4 for Ad-
injected groups and n =3 for naive. For IM studies, n =5 for
terminal sacrifice time points (Ad-injected), n =2-3 for naive
(Ad5-immune), n=4 for Ad-injected, and n=3 for naive
(experiments in Ad5-naive mice).

Plasma and tissue samples were collected and processed
at the indicated time points in accordance with Michigan
State University Institutional Animal Care and Use Com-
mittee. All procedures with recombinant Ads were per-
formed under BSL-2, and all vector-treated animals were
maintained under ABSL-2 conditions. All animal procedures
were reviewed and approved by the Michigan State Uni-
versity ORCBS and IACUC. Care for mice was provided in
accordance with PHS and AAALAC standards.

Neutralizing antibody (NAB) assay

HEK?293-C7-31 cells were seeded in 48-well tissue culture
plates at a concentration of 125,000 cells/well in 250 ul of
complete medium per well [Dulbecco’s modified Eagle’s
medium with 10% fetal bovine serum (FBS), 1xpenicillin/
streptomycin/fungizone (PSF), 0.1 mg/ml hygromycin B].
Cells were cultured overnight in a 37°C, 5% CO, incubator.
To inactivate complement, plasma samples, collected from
Ad-injected (and naive) mice, was heat-inactivated for
60min at 56°C and brought to room temperature (RT).
Plasma dilutions were made in complete medium in a total
volume of 130 1 (1:15 to 1:400). A total of 7x10° vp of Ad5-
GFP prepared in 130 ul of complete medium (~55 vp/cell)
was added next to each plasma dilution, mixed well, and
incubated at RT for 60 min. Following plasma/Ad-GFP in-
cubations, 250 ul of the medium/plasma/Ad-GFP mixtures
was applied to cells (medium previously present in wells
was aspirated prior to adding mixtures) and incubated for
14-16hr. Control samples were prepared as follows: four
wells had cells only (in 250 ul of complete medium, negative
control), and four wells had Ad-GFP only (in 250 ul of
complete medium, 100% transduction =0% neutralization
control). Following incubations, medium was aspirated, and
cells were washed with 500 ul of PBS and harvested in 500 ul
of cold FACS buffer [1xPBS with 2% FBS and 0.9 g (per 1 L)
of sodium azide]. Samples were analyzed on a BD LSR II
instrument and analyzed using FlowJo software (Tree Star,
San Carlos, CA). Propidium iodide (PI) (5pul from 0.2 ug/ul
stock) was added to each sample 2-3 min prior to analysis
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[fluorescein isothiocyanate (FITC)/PI]. Percent neutralization
was determined as 100% — % transduction, where % trans-
duction in Ad-GFP-only control samples was established as
100%.

Isolation of lymphocytes from spleen and peripheral
blood mononuclear cells

Splenocytes from individual mice were harvested and
processed as follows: Spleen tissues were physically disrupted
(by passage through a 40-um sieve), followed by red blood cell
lysis by using 2 ml of ACK lysis buffer (Invitrogen, Carlsbad,
CA) per homogenized spleen. Splenocytes were subsequently
washed two times with RPMI 1640 medium (Invitrogen)
supplemented with 10% FBS, 2 mM L-glutamine, and 1% PSF,
resuspended, and counted. For isolation of PBMCs, blood was
isolated by retro-orbital bleeds or at the time of terminal sac-
rifice, and peripheral blood mononuclear cells (PBMCs) were
isolated using Lympholyte-Mammal (Cedarlane, Burlington,
NC), as per the manufacturer’s instructions.

Cell staining and flow cytometry

For Gag-tetramer staining, isolated splenocytes or PBMCs
were used. Tetramer staining was completed using a phy-
coerythrin (PE)-conjugated major histocompatibility complex
I tetramer folded with the AMQMLKETI H2K-restricted
peptide generated at the NIH Tetramer Core Facility
(working dilution 1:500). CD8-FITC and CD3-APC (6 ug/ml)
were used in combination with Gag-tetramer. For memory
T-cell staining, a mixture of the following antibodies was
used: CD3-APC-Cy7, CD8-AlexaFluor700, CD127-PE-Cy7,
CD62L-V450 (all 6 ug/ml), and tetramer-PE (1:500). All an-
tibodies were purchased from BD Biosciences (San Diego,
CA). For intracellular staining, 3x10° splenocytes were
placed in U-bottom 96-well plates, washed two times with
cold FACS buffer, and stimulated with AMOQMLKETI pep-
tide (200ng/well). Brefeldin A was added to a final con-
centration of 1ug/ml and incubated for 5hr at 37°C.
Following incubation, splenocytes were washed two times
with FACS bulffer, incubated for 15min with purified rat
anti-mouse CD16/CD32 Fcy block (BD Biosciences), surface-
stained with CD3-APCCy7 and CD8a-AlexaFluor700 (8 ug/
ml) for 30 min at 4°C, washed with FACS bulffer, fixed with
2% formaldehyde (Polysciences, Warrington, PA) for 20 min
on ice, permeabilized with 0.5% saponin (Sigma-Aldrich,
St. Louis, MO) for 20 min at RT, and incubated on ice with
interferon-y (IFNy)-APC (8 ug/ml) for 2hr. Samples were
analyzed on a BD LSR II instrument and analyzed using
FlowJo software (Tree Star).

ELISpot analysis

Ninety-six-well multiscreen high protein-binding Im-
mobilon-P membrane plates (Millipore, Billerica, MA) were
pretreated with ethanol, coated with mouse anti-IFNy cap-
ture antibody, incubated overnight, and blocked with RPMI
medium (with 10% FBS, 1% PSF) prior to the addition of
0.5x10° (or 0.125x10°) splenocytes/well (Weaver and Barry,
2008; Seregin et al., 2010a). Ex vivo stimulation included the
incubation of splenocytes in 100 ul of medium alone (un-
stimulated), medium containing HIV-Gag-specific H2K-
restricted major immunodominant peptide (AMQMLKETI
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constructed by Genscript, Piscataway, NJ; 0.2 ug/well),
HIV-Gag-specific H2K -restricted major immunodominant
peptide QBI 304796 (EAMSQVTNSATIMMQ), other HIV-
Gag-specific peptides [QBI 304753, QBI 304754 (both contain
the AMQMLKETI sequence], QBI 304769, QBI 304779, QBI
304765, QBI 304723, QBI 304746, QBI 304800], Ad5-GFP
vector, inactivated at 56°C for 45 min (100 vp/cell), HIV-Gag
purified protein, GFP protein (nonspecific stimulation), or
pool of three 15mer peptides from HIV-Gag library for 18-
24hr in a 37°C, 5% CO; incubator. 15mer Gag-specific pep-
tides, spanning the entire Gag sequence (overlapping by five
amino acids at both N- and C-termini) were obtained from
the NIH AIDS Reagent and Reference Program catalogue no.
8117, lot no. 9. A Ready-Set Go IFNy mouse ELISpot kit was
purchased from eBioscience (San Diego, CA). Staining of
plates was completed per the manufacturer’s protocol. Spots
were counted and photographed by an automated ELISpot
reader system (Cellular Technology, Cleveland, OH). CD8*
T cells were depleted from pooled splenocyte preparations
using MACS beads and LS columns per the manufacturer’s
protocol (Miltenyi Biotec, Bergisch Gladbach, Germany). The
% CD8" SEC (percent reduction)=SFC CD§" (depleted) /
SFC CD8*(nondepleted)x100 (where SFC represents spot-
forming cells). Depletion was verified by FACS analysis
using APC-CD8a and Pacific Blue-CD4 antibodies (BD Bio-
sciences). FACS analyses revealed >96% depletion of CD8"
T cells (Appledorn et al., 2010).

Antibody titering assay

ELISA-based titering experiments were essentially com-
pleted as previously described (Hensley et al., 2007; Seregin
et al., 2009a). In brief, 5x10® vp of Ad5 vector per well or
0.2 ug of recombinant Gag protein per well (each diluted in
PBS) was used to coat wells of a 96-well plate overnight at
4°C. Plates were washed with PBS-Tween (0.05%) solution,
and blocking buffer (3% bovine serum albumin in PBS) was
added to each well and incubated for 1-3hr at RT. For ti-
tering of total IgG antibodies, plasma from IV or IM injected
mice was diluted 1:10 to 1:1,638,400 (Ad5) or 1:10 to 1:20,000
(Gag) in blocking buffer. Following dilution, plasma was
added to the wells and incubated at RT for 1hr. Wells
were washed using PBS-Tween (0.05%), and horseradish
peroxidase—conjugated rabbit anti-mouse antibody (Bio-Rad,
Hercules, CA) was added at a 1:5,000 dilution in PBS-Tween.
TMB (Sigma-Aldrich) substrate was added to each well, and
the reaction was stopped with 2 N sulfuric acid. Plates were
read at 450nm in a microplate spectrophotometer.

Statistical analysis

For every experiment, pilot trials were performed with
n =3 per group. This allowed us to determine effect size and
sample variance so that power analysis could be performed
to correctly determine the number of subjects per group re-
quired to achieve a statistical power of >0.8 at the 95%
confidence level. Statistically significant differences in
adaptive immune responses (Gag-tetramer staining, intra-
cellular cytokine staining) were determined using one-way
ANOVA with a Student-Newman-Keuls post hoc test
(p <0.05). Furthermore, a two-way ANOVA with a Bonfer-
roni post hoc test was used to analyze the levels of T-cell
responses in splenocytes, derived from Ad-treated mice and
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stimulated with several different peptides, to determine
significant differences (p < 0.05) between groups. For NAB
assays, a two-tailed Student’s f test was used to compare two
groups of virus-injected animals (p <0.05). Graphs in this
article are presented as means of the average+SD, unless
otherwise specified. GraphPad Prism software was used for
statistical analysis.

Results

Ad5-naive mice IV-injected with DAF-displaying
Ads generate significantly reduced transgene-specific
T-cell responses as well as Ad-NAB responses

It is well known that pathogen-induced innate immune
responses can have a significant impact on the quality of
subsequent adaptive immune responses to the pathogen
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(Gasque, 2004; Mollnes and Kirschfink, 2006; Kemper and
Atkinson, 2007; Appledorn et al., 2008b). Equal levels of long-
term expression of the transgene from the conventional Ad
vector (Ad5-Gag) and the DAF-displaying Ad vector (DAF-
Ad5-Gag) were confirmed previously (Seregin et al., 2010a)
and have been further validated in the present study by
quantitative western blot analysis on liver tissues of C57BL/
6 mice, collected at 28 days post injection (dpi) from Ad5-
Gag- or DAF-Ad5-Gag-injected mice (Supplementary
Fig. S1; supplementary data are available online at www
Jiebertonline.com/hum). To address more fully the short-
term transgene expression efficiency possessed by DAF-
displaying Ad5-based vectors, we used several sets of mice,
injected with Ad5-GFP or Ad5-GFP-DAF (Supplementary
Table S1, Supplementary Fig. S2). We found similar levels
of transduction of GFP into splenocytes between the two
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FIG. 1. Ad5 vectors with capsid-displaying retro-DAF complement inhibitor induce s1gn1f1cant1y diminished Ad-derived
HIV-Gag-specific T-cell responses when injected IV. WT C57Bl/6 mice were IV injected (2x10"" vp/mouse) with Ad5-Gag or
Ad5-Gag-IX-dDAF. At 200 dpi, splenocytes were harvested and processed as described in Materials and Methods. To test the
magnitude of HIV-Gag-specific T-cell responses, splenocytes from Ad-treated (n =4) and naive (1 = 3) mice were stimulated
ex vivo with either Gag-specific peptide 304796 (EAMSQVTNSATIMMQ) (A) or additional Gag-specific peptides and heat
(56°C)-inactivated Ad5 (C). Representative wells from ELISpot stimulated with peptide 304796 (B) show SFCs from sple-
nocytes derived from naive and Ad5-Gag— and Ad5-Gag-IX-dDAF-injected mice, plated at 125,000 cells/well. Columns
represent means + SD. Statistical analysis was completed using two-way ANOVA with a Bonferroni post hoc test (stimula-
tlons xtreatments); p < 0.05 was deemed a statistically significant difference. **p < 0.001, statistically different from naive mice;

#p <0.001, statistically different from WT Ad5-Gag treatment group within the same stimulation group. SFCs, spot-forming

cells.
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groups of Ad-injected mice in all immunization settings (IV,
IM, preimmune mice IM). We also tested efficiency of GFP
transgene expression in vitro and found no significant dif-
ferences between Ad5-GFP and the Ad5-DAF (Supplemen-
tary Fig. S3). Upon confirming equal transductional
efficiencies of conventional and DAF-displaying Ads, we set
out to determine how minimization of the typical Ad vector—
induced innate immune responses (using Ad capsids dis-
playing complement inhibiting peptides) might impact upon
subsequent adaptive immune responses to the vector, as well
the transgene the vector expresses. For these experiments, we
used a DAF-displaying Ad vector engineered to express the
highly immunogenic, HIV-derived Gag antigen, DAF-Ad5-
Gag, and compared its properties with a conventional Ad5
vector also expressing HIV-Gag. Long-term (i.e., 100-200
dpi) adaptive immune responses were studied to facilitate
our ability to examine long-term effector memory (EM) and
central memory (CM) T-cell responses.

We found that DAF-Ad5-Gag IV-injected mice had sig-
nificantly reduced numbers of IFNy-secreting T cells in the
spleen as compared with Ad5-Gag-injected mice (p < 0.001)
when exposed to an immunodominant HIV-Gag-specific
peptide at 200 dpi (Fig. 1A and B). Stimulation of spleno-
cytes with other Gag-specific peptides or with Ad5 capsid
proteins did not reveal any statistically significant differ-
ences between control or experimental Ad vector-treated
groups of mice (Fig. 1C), a result that was likely due to the
reduced immunogenicity of these compounds, as compared
with the major immunodominant HIV-Gag peptide used in
Fig. 1A and B. Importantly, plasma samples, collected at 105
dpi (15 weeks post injection) demonstrated a consistent
trend of decreased Ad5 NAB titer (1:100 to 1:400 dilutions)
generated by DAF-displaying Ads as compared with titers
elicited by conventional Ad vectors, with statistically
significant differences noted at the 1:200 plasma dilution
(Fig. 2). Plasma samples, collected at 140 dpi (20 weeks post
injection) followed exactly the same trend (data not shown).
Significantly decreased NAB titers (as compared with con-
trol Ads) were also detected with DAF-displaying Ads,

100 200 400 800

Dilution factor

expressing an alternative transgene (GFP) (Supplementary
Fig. S4).

DAF-displaying Ads trigger blunted cellular

and humoral transgene (HIV-Gag)—-specific
adaptive immune responses when administered
IM into Ad5-naive mice

To investigate more fully the immunological effects of Ad
capsid display of DAF on Ad vector-triggered adaptive
immune responses, we also used IM administration proce-
dures (Liu et al., 2009; Appledorn et al., 2010). We immunized
BALB/c mice IM with DAF-Ad5-Gag or Ad5-Gag, and at 14
dpi, we collected spleen tissues and PBMCs. When the cells
were derived from mice injected with the DAF-Ad5-Gag
vector, we found significantly diminished populations of
CD3*CD8*Gag-tetramer™ T cells in both of these compart-
ments, as compared with similar analyses performed on
identical cells derived from mice treated with a conventional
Adb vector expressing the identical transgene (Fig. 3A-C).
This result was consistent with the finding that splenocytes
derived from DAF-Ad5-Gag-injected mice had a signifi-
cantly reduced ability to secrete IFNy on ex vivo stimulation
with the HIV-Gag—derived, immunodominant, H2K<-
restricted peptide AMQMLKETI (Fig. 3D) and significantly
reduced breadth (number of peptide-specific T-cell clones
responding to GAG-derived peptides) of antigen-specific re-
sponse upon stimulation with several less immunodominant
peptides (Fig. 3D). Moreover, by tetramer staining, we also
found that both EM (CD3TCD8"CD127CD62L°") and CM
(CD3*CD8'CD127"CD62L"8") Gag-specific T-cell popula-
tions are significantly reduced in DAF-Ad5-Gag-injected
mice as compared with Ad5-Gag-injected mice (Fig. 4). Plas-
ma levels of total HIV-Gag—specific IgG (but not Ad5-specific
IgG) were found to be significantly reduced in DAF-Ad5-Gag-
injected mice as compared with control Ad5-Gag-treated mice
(Fig. 5). The capsid composition of DAF-displaying Ads did not
significantly alter binding of Ad-specific IgG antibodies, as
confirmed by measurement of statistically identical anti-Ad5
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FIG. 3. DAF-displaying Ads trigger blunted cellular transgene (HIV-Gag)-specific adaptive immune responses when ad-
ministered IM into Ad5-naive mice. WT Ad5-naive BALB/c mice were untreated (naive) or injected with Ad5-Gag or Ad5-
Gag-IX-dDAF (10° vp/mouse, IM). At 14 dpi, splenocytes and PBMCs were harvested and processed as described in
Materials and Methods. (A) Representative samples of Gag-tetramer staining of splenocytes, derived from each of three
groups. Splenocytes (B) or PBMCs (C) derived from individual mice, were analyzed for the presence of CD3"CD8"Gag-
tetramer” T cells by flow cytometry. Columns represent means = SD. Statistical analysis was completed using one-way
ANOVA with a Student-Newman-Keuls post hoc test; p <0.05 was deemed a statistically significant difference. *p < 0.05,
statistically different from naive mice; #p < 0.05, statistically different from WT Ad5-Gag mice. (D) To test the magnitude and
breadth of HIV-Gag-specific cellular responses, splenocytes from Ad-treated (n =4) and naive (n =3) BALB/c WT mice were
stimulated ex vivo with either Gag-specific peptide AMOQMLKETI or additional Gag-specific peptides and heat (56°C)-
inactivated Ad5. Columns represent means 4 SD. Statistical analysis was completed using two-way ANOVA with a Bon-
ferroni post hoc test (stimulationsx treatments); p < 0.05 was deemed a statistically significant difference. **p < 0.001, statis-

tically different from naive mice; *p < 0.05, *p < 0.001, statistically different from WT Ad5-Gag treatment group within the
same stimulation group.
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FIG. 4. DAF-displaying Ads trigger significantly reduced
populations of both EM and CM CD8™ T cells when ad-
ministered IM into Ad5-naive mice. WT Ad5-naive BALB/c
mice were untreated %naive) or injected with Ad5-Gag or
Ad5-Gag-IX-dDAF (10° vp/mouse, IM). At 14 dpi, spleno-
cytes were harvested, processed as described in Materials and
Methods, and stained with the following antibodies: CD3-
APC-Cy7, CD8-AlexaFluor700, CD127-PE-Cy7, CD62L-V450,
and Gag-tetramer-PE. The percentage of Gag-tetramer posi-
tive EM (CD1277CD62L"°%) and CM (CD127+CD62L M)
CD3*CD8" T cells is shown. Columns represent means =+ SD.
Statistical analysis was completed using one-way ANOVA
with a Student-Newman-Keuls post hoc test; p <0.05 was
deemed a statistically significant difference. *p <0.05,
**p <0.01, statistically different from naive mice; #]9 <0.05,
statistically different from WT Ad5-Gag mice.

IgG titers when Ad5-GAG or DAF-Ad5-Gag was used for
ELISA plate coating (Supplementary Fig. S5).

DAF-displaying Ads induce blunted transgene
(HIV-Gag)-specific T-cell responses
when administered IM into Ad-immune mice

Importantly, pre-existing Ad5 immunity in a wide range
of human populations may significantly limit the efficiency
of Ad-based gene-transfer approaches (Sumida et al., 2004;
Tang et al., 2006; Lasaro and Ertl, 2009). To test if DAF-
displaying Ad5 vectors can improve the efficacy of Ad-
mediated gene transfer in the face of pre-existing Ad5
immunity, we preimmunized BALB/c mice with Ad5-Null,
and then injected the Ad-immune mice with control or DAF-
displaying Ad vectors. Importantly, two immunizations with
Ad5-Null induced Ad5 NAB titers that were >1/200, a level
that closely parallels levels of pre-existing Ad5 immunity
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FIG. 5. DAF-displaying Ads trigger reduced humoral
transgene (HIV-Gag)-specific adaptive immune responses
when administered IM into Ad5-naive mice. Plasma
from naive (n=23), conventional Ad5 (n=4), or retro-DAF-
displaying Ad5-treated (1 =4) BACB/c mice was collected at
14 dpi, and Ad5-specific or HIV-Gag-specific total IgG levels
were measured as detailed in Materials and Methods. The
error bars represent + SD. Statistical analysis was completed
using two-tailed Student’s t test to compare two groups of
virus-injected animals (*p < 0.05, #p <0.001) or to compare
each of Ad5-injected group with naive (*p < 0.05, **p < 0.01).
No significant Ad5-specific IgG was detected in any group.
Significant (1:10) titers of Gag-specific IgG were detected in
DAF-Ad5-Gag-treated mice; significant (up to 1:200) titers of
specific IgG were detected in Ad5-Gag-treated mice.

noted in human populations (Abbink et al., 2007; Gabitzsch
et al., 2009). We found that at 14 and 28 dpi, DAF-Ad5-Gag-
injected mice had significantly diminished populations of
CD3"CD8"Gag-tetramer™ T cells present in PBMCs, as
compared with Ad5-immune mice identically injected with
the conventional Ad5-HIV-Gag vector (Fig. 6A). Splenocytes
also derived from DAF-Ad5-Gag-injected mice had signifi-
cantly reduced numbers of CD3*CD8"*Gag-tetramer" T cells
present at 28 dpi (Fig. 6B and C), a result that also correlated
with a significantly reduced IFNy production by Gag-specific
CD3*CD8" T cells in these same mice (Fig. 6D). A second
injection with Ad5-Gag appears to increase T-cell responses
in splenocytes, but not in PBMCs; however, experimental
staining procedures were performed at different days for
groups of mice sacrificed at 14 and 28 dpi and, therefore,
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FIG. 6. Ad5 vectors with capsid-displaying retro-DAF complement inhibitor induce significantly diminished Ad-derived
transgene-specific T-cell responses in Ad5-immune mice. WT BALB/c mice were made Ad5-immune by two 2-week-spaced
IM injections with Ad5-Null (10'° vp/mouse), followed by one or two doses of either Ad5-Gag or Ad5-Gag-IX-dDAF (10"
vp/mouse, IM). At 14 dpi (one dose; left) or 28 dpi (two doses; right), splenocytes and PBMCs were harvested and processed
as described in Materials and Methods. PBMCs (A) or splenocytes (B) derived from individual mice were analyzed for the
presence of CD3"CD8*Gag-tetramer™ T cells by flow cytometry. Columns represent means & SD. Statistical analysis was
completed using one-way ANOVA with a Student-Newman-Keuls post hoc test; p < 0.05 was deemed a statistically significant
difference. *p < 0.05, statistically different from naive mice; #p <0.05, ##p < 0.01, statistically different from WT Ad5-Gag mice.
(C) Representative samples of Gag-tetramer staining of splenocytes, derived from each of three groups (28 dpi). (D) For
intracellular cytokine staining, splenocytes (n=5) collected at 14 dpi were stimulated with AMOQMLKETI Gag-specific
peptide and stained as detailed in Materials and Methods. Columns represent means + SD. Statistical analysis was completed
using one-way ANOVA with a Student-Newman-Keuls post hoc test; p < 0.05 was deemed a statistically significant difference.
*p < 0.05, statistically different from naive mice; *p < 0.05, statistically different from WT Ad5-Gag mice.

results obtained at these time points cannot be directly sponses to several other Gag-specific peptides, the full-length
compared with each other. Gag-protein, and Ad5 capsid-specific T-cell responses were,
Moreover, as measured by IFNy-specific ELISpot, spleno- however, found to be identical between the two groups of
cytes derived from DAF-Ad5-Gag-injected Ad5-immune  Ad-injected mice (Fig. 7B), a result that was confounded by
mice contained significantly reduced numbers of Gag-spe- the significantly reduced immunogenicity of these peptides
cific T cells, as compared with Ad5-Gag-injected, Ad5- relative to AMQMLKETI peptide.
immune mice. This was quantified after ex vivo stimulation of Therefore, to examine more fully if Ad5 vector display of
splenocytes with the HIV-Gag-derived immunodominant DAF may significantly impact upon induction of transgene-
H2K-restricted peptide AMQMLKETI (Fig. 7A). Recall re-  specific cellular immune responses in Ad-immune hosts, we



DAF-DISPLAYING ADs REDUCE ADAPTIVE RESPONSE

FIG. 7. Ad5
displaying  vectors induce
transgene  (HIV-gag)-specific
T-cell responses with a dra-
matically reduced magnitude
and breadth. To test the mag-
nitude and breadth of HIV-
Gag-specific T-cell responses,
splenocytes from Ad-treated
(n=5) and naive (n =2) BALB/
¢ WT mice were collected at
14 dpi (one dose; left) and 28 dpi
(two doses; right), stimulated
ex vivo (IFNy ELISpot) with
either Gag-specific peptide
AMOQMLKETI (A) or additional
peptides and proteins, includ-
ing irrelevant GFP protein as
nonspecific control (B). Col-
umns represent means =+ SD.
Statistical analysis was com-
pleted using two-way ANOVA
with a Bonferroni post hoc test
(stimulations x treatments); p <
0.05 was deemed a statistically
significant difference. *p < 0.05,
**p < 0.01, statistically different
from naive mice; ##p<0.01,
statistically ~ different  from
WT Ad5-Gag treatment group
within the same stimulation
group. (C) To more fully test the
breadth of HIV-Gag—specific
T-cell responses, splenocytes
collected at 28 dpi from Ad-
treated (1 =5) and naive (n=2)
BALB/c WT mice were pooled
and stimulated ex vivo with a
pool of three 15mer peptides,
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used a whole HIV-Gag peptide library. Specifically, spleno-
cytes derived from Ad5-Gag- or DAF-Ad5-Gag-injected
Ad5-immune mice were stimulated ex vivo with 38 different
HIV-Gag-derived peptide pools, each pool consisting of three
15mer overlapping peptides that spanned the entire Gag
protein (Fig. 7C) (Appledorn et al., 2010). We found that both
the magnitude and breadth of transgene (HIV-Gag)-specific
cellular responses were again reduced in Ad5-immune mice
injected with DAF-displaying Ads as compared with Ad5-
immune mice treated with the control Ad5-Gag vector (Fig. 7).
Depletion of CD8™ T cells from the splenocytes confirmed that
transgene-specific cellular responses were primarily CD8" T
cell mediated, as there was a 70% reduction of IFNy SFCs
detected in spots after ELISpot (data not shown).

Discussion

Ad type 5-based vectors possess several attractive fea-
tures, including high transduction efficiencies for many dif-

ferent cell types, an easy and relatively inexpensive
scalability to high titers, a large cloning capacity, and a long
safety record in 400 human clinical trials to date (Seregin and
Amalfitano, 2009; http: //www.wiley.com/legacy/wileychi/
genmed/clinical/), which makes them outstanding candi-
dates for numerous gene-therapy applications. The most
critical drawbacks of Ad vectors are primarily noted when
they are administered at higher dosages; these drawbacks
include (a) their high innate immunogenicity, (b) their ability
to trigger acute toxicities, associated with the innate immune
responses, and (c) their sometimes limited long-term effi-
ciency due to induction of vector- and capsid-specific adap-
tive immune responses, especially in Ad-immune hosts
(Cichon et al., 2001; Abbink et al., 2007; Hartman et al., 2008;
Seregin et al., 2009a). Although these concerns are validly
pertinent to any other gene-transfer platform (including
viral- and DNA-based vectors) (Barry et al., 1999; Zaiss and
Muruve, 2005; Follenzi et al., 2007; Hensley and Amalfitano,
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2007; Mingozzi and High, 2007), in regard to Ad vectors,
these safety and efficiency concerns have driven researchers
to modify the vector to minimize induction of innate or
adaptive immune responses without reducing their gene-
transfer efficiencies (Palmer and Ng, 2005; Seregin and
Amalfitano, 2009, 2010). It would be most desirable, there-
fore, to develop Ad vector modifications that can simulta-
neously achieve both reduction of innate immunogenicity,
coupled with a decreased induction of capsid, and transgene-
specific adaptive immune responses.

Our laboratory has focused considerable efforts on un-
derstanding the interactions of the Ad capsid with several
arms of the innate immune system, including the Toll-like
receptor (Hartman ef al., 2008) and complement systems
(Appledorn et al., 2008b; Seregin et al., 2010a,b). Upon con-
firming that a majority of Ad-triggered innate immune re-
sponses are dependent on Ad capsid interactions with the
complement system (Kiang et al., 2006; Seregin et al., 2010a),
we have developed novel Ad vector capsid-displaying spe-
cific complement inhibitors. These include capsid display of
the short peptide COMPinh (Seregin et al., 2010b), as well as
the human DAF protein displayed from the pIX protein in
both the native and a retro-oriented fashion (Seregin et al.,
2010a). These studies confirmed that Ad vector capsid dis-
play of the retro-oriented form of human DAF dramatically
reduced complement activation and complement-dependent
innate immune responses in vivo without reducing gene-
transfer efficiency (Seregin ef al., 2010a).

In this study, we have investigated the adaptive immune
responses triggered by retro-DAF-displaying Ad vectors,
expressing immunogenic transgenes. The selection of trans-
gene was critical for our studies, as it is well known
that first-generation Ad-derived transgene expression can be
persistent (without triggering robust adaptive immune re-
sponses) if one or more of the following conditions are met:
(a) the transgene is not recognized by the host as foreign (i.e.,
host expresses nonfunctional copy of the same gene), (b)
hosts are immune-tolerant, (c) tissue-specific promoter was
used to drive the expression of the transgene, and (d) the
encoded transgene is not highly immunogenic for other
reasons (Tripathy ef al., 1994, 1996). To carefully distinguish
the effects of DAF display on Ad vector-mediated induction
of adaptive immune responses, we used a foreign, highly
immunogenic HIV-derived transgene (Gag), expressed from
the robust and ubiquitously active CMV promoter/enhancer
element. This format allowed us to confirm in vivo that
display of DAF directly from the Ad capsid significantly
reduced humoral and cell-mediated adaptive immune re-
sponses (CMI), induced by both the Ad capsid and the
transgene expressed by the DAF-displaying Ad. Specifically,
we confirmed that systemically treated mice generate sig-
nificantly reduced titers of Ad5-specific NAB, and blunted
transgene-specific CMI responses, when injected with a
DAF-displaying Ad vector as compared with a conventional
Ad vector. Similarly, after IM injections, both humoral (IgG)
and CMI (IFNy ELISpot) antigen-specific immune responses
were dramatically reduced in DAF-Ad5-injected Ad-naive
mice. We also found that even though >70% of Ad vector—
induced antigen-specific CMI responses are mediated by
CD8" T cells (depletion ELISpot), transgene-specific tetramer-
staining experiments revealed that DAF-Ad5-injected mice
have significantly diminished transgene-specific CD8"* T-cell
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responses in both Ad5-immune and Ad5-naive mice. Finally,
both EM (CD3'CD8"CDI127'CD62L"") and CM
(CD3*CD8"CD127 CD62L M) transgene-specific ~ T-cell
populations were significantly diminished in DAF-Ad5-
Gag-injected mice as compared with mice injected with a
conventional Ad5 vector expressing the same target antigen.

Complement is known to serve as an important bridge
between innate and adaptive immunity (Morgan ef al., 2005;
Mollnes and Kirschfink, 2006; Kemper and Atkinson, 2007).
Lack of complement activation results in impaired humoral
immune responses against viral infections (Suresh et al., 2003;
Mehlhop et al., 2005). Restoration of C3 protein production in
complement-deficient (C3-KO) mice (by infusion of donor
macrophages) restores the adaptive immune responses to T-
dependent antigens (Fischer et al., 1998). The complement
system has been proven to mediate CD8" T-cell responses to
viral antigens (Fischer et al., 1998; Suresh et al., 2003; Mehl-
hop et al., 2005; Mehlhop and Diamond, 2006; Fang et al.,
2007; Seregin et al., 2009a). Specifically, these effects can be
direct (via interaction of Clq with CI1qR on T cells, thereby
promoting cytokine secretion) or indirect (by complement
components acting to activate dendritic cells (DCs), which
express a high number of complement receptors, ie., CR3,
C3aR, C5aR) (Morgan et al., 2005; Hawlisch and Kohl, 2006).
C3-KO mice were described to have significantly delayed
virus clearance, which correlated with reduced populations
of virus-specific CD4" and CD8" T cells in these comple-
ment-deficient mice, as compared with mice (Morgan et al.,
2005). In addition, Fang et al. (2007) confirmed an important
role for the DAF protein in direct modulation (inhibition) of
CD8" T-cell adaptive immune responses during viral (lym-
phocytic choriomeningitis virus) infection and a specific role
for DAF protein in reducing EM CD8* T-cell responses.

Memory response is a hallmark of acquired immunity,
where EM and CM T cells play an integral part. It is now
thought that EM T cells are capable of migrating to dam-
aged/infected peripheral tissues immediately (within hours)
upon re-exposure to specific antigen and performing their
effector functions (aided by large amounts of prestored
perforin), whereas CM T cells home to lymphoid tissues,
where they generate a robust recall response (proliferate and
differentiate into EM T cell). EM and CM T cells can be
distinguished by the presence/absence of immediate effector
function and expression of a number of homing receptors,
but both EM and CM T cells may be CD4" or CD8™ (for a full
description of memory T cells and their functions, see Sal-
lusto et al., 2004).

Based on important roles of complement in modulating
(promoting) robust adaptive immune responses, our results
with the DAF-displaying Ads can likely be attributed to a
specific diminution of the overall levels of complement ac-
tivation typically induced by similar particle numbers of the
native Ad capsid. Likely, the decreased production of C3-
derived cleavage products (i.e., C3d), mediated by the DAF-
displaying Ad, leads to reduced opsonization of the viral
particle, which in turn leads to decreased DC activation and
reduced adaptive immune responses to both the Ad capsid
and the transgene expressed from the DAF-displaying Ad
(Lutz and Jelezarova, 2006; Seregin et al., 2010a). Lack of
complement activation by DAF-displaying Ads significantly
reduces complement-dependent capsid- or transgene-specific
CD8" T-cell responses. Therefore, the lack of complement
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activation by DAF-displaying Ads mitigates the subsequent
magnitude of T-cell clonal expansion upon antigen re-
encounter, and/or augments elimination of Gag-specific CD8*
T cells during the contraction phase, likely due to reduced
DC activation (Seregin et al., 2010a) and blunted primary
CD8 responses. Both effects would eventuate in the induc-
tion of diminished numbers of both EM and CM antigen-
specific CD8" T cells (Kaufman et al., 2008; Liu et al., 2008), a
result that we also confirmed in our studies. This utility,
possessed by DAF-displaying Ads, coupled with signifi-
cantly reduced generation of Ad NAB titers and mitigated
CMI responses, offers an immense advantage for gene-
therapy applications, which may require repeated adminis-
tration of the vector.

In conclusion, the use of DAF-displaying Ad5 vectors can
minimize the acute induction of innate immune responses
(and thereby improve their safety profile). This feature di-
rectly correlates with their ability to diminish induction of
capsid- and transgene-specific humoral and cellular adaptive
immune responses. These features, coupled with preserved
transduction efficiency, make DAF-displaying Ads an at-
tractive platform for a variety of gene-therapy applications.
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